Previous investigations have shown that the instantaneous eigenstates of a molecule interacting via its polarizability with a strong electric field of a nonresonant laser pulse are pendular hybrids of field-free rotational states, aligned along the field direction. However, nonadiabatic effects during the time evolution of the initial field-free rotational state could cause the molecule to end up in a state described by a linear combination of pendular states ͑a rotational wavepacket͒ whose alignment properties are not a priori known. We report a computational study of the time evolution of these states. We solve the reduced time-dependent Schrödinger equation for an effective Hamiltonian acting within the vibronic ground state. Our numerical results show that the time evolution and the achievement of adiabatic behavior depend critically on the detailed characteristics of the laser pulse and the rotational constant of the molecule.
I. INTRODUCTION
The interaction of a nonresonant laser field with a molecule of any other than spherical symmetry creates an induced dipole moment that is coupled to one of the molecular axes. The anisotropic polarizability of linear molecules and of symmetric tops subject to radiation fields has been shown to give rise to directional states in which the molecular axis is aligned with respect to the electric vector of the radiation field. The first evidence for such an alignment came from experiments on dissociative ionization of a light diatomic molecule, CO, in a strong laser field by Normand et al. 1 Using the elegant double-pulse technique, that work and subsequent work of Posthumus et al. 2 on N 2 and H 2 demonstrated that an intense laser pulse can create alignment of a thermal ensemble of molecules prior to their dissociative ionization. Dietrich et al. 3 attributed this effect to the induced dipole interaction and carried out classical trajectory calculations which lent support to their interpretation. Friedrich and Herschbach 4, 5 have identified the underlying directional states as hybrids ͑coherent superpositions͒ of field-free rotor states created by the anisotropic polarizability interaction with the electric vector of the radiation field. Since this interaction is proportional to cos 2 ͑with the polar angle between the molecular axis and the direction of the field͒ and the axis of molecules in these states librates with respect to the direction of the field, it appeared appropriate to term the states pendular.
Additional evidence for pendular states created by the anisotropic polarizability interaction has been provided by kindred experiments of Bhardwaj et al. 6 on dissociative ionization of linear as well as bent triatomic molecules. Recently, Stapelfeldt et al. 7 demonstrated a different consequence of pendular hybridization, namely focusing 8 of molecules subject to the inhomogeneous electric field of a laser pulse. The most compelling evidence for the induced-dipole pendular states stems from the work of Kim and Felker. 9, 10 Their experiments, based on mass-selective, ionization detected stimulated Raman spectroscopy, demonstrate transitions between pendular states ͑created by the polarizability interaction with the Raman laser field͒ in naphthalene trimmer and benzene-argon clusters, thus corroborating many of the details predicted by theory. 4, 5, 11 An earlier related study by Mankoc-Borstnik et al. 12 analyzed rotational coherences in multistep Raman-type processes. Seideman 13,14 studied rotational excitation and molecular alignment in intense laser fields for on-resonance conditions and also briefly considered the nonresonant case; she showed for the on-resonance case that alignment can persist and recur over times exceeding the laser pulse duration. A related dephasing-rephasing mechanism was studied by Felker. 15 While the nature of the induced-dipole pendular states has been well established, the way these states are formed in a pulsed laser field remained unclear. Even if the instantaneous eigenstates of the molecule-field Hamiltonian are pendular states, it is not obvious how a molecule will evolve adiabatically from its initial, field-free, eigenstate to the correlating pendular state. If the evolution is nonadiabatic, i.e., if the molecule during its time evolution is described by a linear combination of molecule-field eigenstates, it will end up in a rotational wavepacket, as pointed out in Ref. 14. However, the state of the molecule ͑and its alignment͒ cannot be predicted without a detailed calculation.
Guérin and Jauslin 16 have introduced an adiabatic conjecture which implies the existence of an adiabatic limit for the time evolution of molecule-field eigenstates. Although this conjecture has been proved for N-level systems with no relevant avoided crossing of the quasienergies, 17 it is not obvious whether this adiabatic limit can be reached at the high laser intensities needed to obtain the induced-dipole pendular states.
In order to better understand the time evolution of pendular states we undertook a computational study based on the reduced time-dependent Schrödinger equation for the induced-dipole pendular Hamiltonian. In the reduced form, the equation clocks the time in unit of ប/B ͑with B the rotational constant͒ which defines a ''short'' and a ''long time'' for any molecule. Our study revealed that ͑a͒ in the shortpulse limit ͑pulse duration рប/B) the interaction is nonadiabatic. The molecule-field eigenstates at the end of the pulse are rotational wavepackets, as described by Seideman, 14 which, in some cases, give rise to recurrent alignment after the pulse passed over, making it possible and feasible to obtain molecular alignment under field-free conditions; the recurrence period was found to decrease with increasing field strength; ͑b͒ in the long-pulse limit ͑pulse duration у10ប/B) the interaction is truly adiabatic and pendular states faithfully follow the field as if it were static at any instant despite the strong intensity of the laser pulse.
The theoretical framework of our calculations is given in Sec II. Section III A describes the results of our calculations applied to single molecules and Sec. III B presents analogous calculations for a molecular ensemble. Section IV gives a summary of our main conclusions.
II. THEORY

A. Pendular Hamiltonian
The Hamiltonian of a molecule subject to an intense laser field can be written in the dipole approximation as
where H 0 is the field-free Hamiltonian of the molecule whose eigenfunctions are the molecular rovibronic ͑rotational-vibrational-electronic͒ wave functions, is the dipole moment operator, and (t) is the electric vector of the oscillating laser field. In a field weak enough so that neither dissociation nor ionization take place, Pershan et al. 18 showed that Hamiltonian ͑2.1͒ can be approximated by an effective Hamiltonian that acts just within the lowest vibronic ground state. In order to derive the effective matrix element between a pair of rotational states ͉a͘ and ͉b͘ belonging to the vibronic ground state, Pershan et al. 18 used the interaction representation and obtained the result
where n runs over all excited rovibronic states of appropriate symmetry. If the condition ͉Ϯ nb ͉ c ӷ1 is fulfilled, where is the laser frequency, nb the frequency corresponding to the energy difference between levels n and b of the molecule, and the pulse duration, it is possible to integrate Eq. ͑2.2͒ to reap H eff (t). Following Refs. 12 and 18 ͑see also Ref. 14͒, using the polarizability approximation of Placzek, 19 and considering a linear molecule with zero electronic angular momentum, the integration yields
where J 2 is the squared angular momentum operator, B the rotational constant, the polar angle between the molecular axis and the direction of the field, and ␣ ͉͉ and ␣ Ќ are the components of the static polarizability, parallel and perpendicular to the molecular axis.
In what follows we consider a plane wave radiation of frequency and time profile g(t) such that 2 (t) ϭg(t) 0 2 cos 2 (2t).
B. The wave functions
The time-dependent Schrödinger equation corresponding to Hamiltonian ͑2.3͒ can be cast in a dimensionless form
whose solutions depend on dimensionless interaction parameters
i.e., ϭ(⌬(t)). Equation ͑2.4͒ suggests using ប/B as a reduced unit of time; in keeping with this, we take B/ប as a reduced unit of frequency. The solutions of Eq. ͑2.4͒ can be expanded in a series of field-free rotor wave functions ͉JM ͘ϵY JM ,
whose time-dependent coefficients, d J (⌬(t)), solely determine the solutions at given initial conditions. The expansion ͑or hybridization͒ coefficients d J (⌬(t)) can be found from the differential equations ͑in the interaction representation͒
͑2.9͒
Taking into account that the only non-vanishing matrix elements are
͑2.13͒
the system of Eq. ͑2.9͒ reduces to a tridiagonal form
͑2.14͒
The solutions of Eqs. ͑2.14͒ can be written in terms of the evolution operator U(t,t 0 ) ͑Ref. 21͒, d͑⌬͑t ͒͒ϭ͑B/ប͒U͑t,t 0 ͒d͑⌬͑t 0 ͒͒, ͑2.15͒
where the components of the vector d are the d J 's. We have employed the Riemann product integral representation of the evolution operator combined with Frazer's method of mean coefficients as explained by Thomas and Meath. 21 These results were compared with those obtained by integrating the differential equations ͑2.14͒ using the Runge-Kutta method and a complete agreement was found.
Note that over a time interval ӷ Ϫ1 , the frequency dependence of Hamiltonian ͑2.3͒ vanishes in which case the time-dependence is solely due to the time profile g(t). For g(t)ϭ1 we obtain the stationary solutions ͑pendular states͒
͑2.16͒
that pertain to eigenvalues
͑2.17͒
In the last two equations, J is the nominal value of angular momentum of the field free rotor state that adiabatically correlates with the high-field hybrid function. In the limit of ⌬→0, we obtain the field-free rotor states; in the limit of ⌬→ϱ, the states coincide with those of a harmonic librator cf. Ref. 4 . Also, note that the electric field can only mix states of the same parity ͑i.e., either with even or odd J's͒, and for linear polarization of the laser field only states with ⌬M ϭ0.
III. RESULTS AND DISCUSSION
A. Alignment of individual molecules
In the off-resonance case the rapid oscillations of the field, given by cos 2 (2t), can be eliminated using a rotating-wave approximation. 14 We checked the validity of this approximation by computing a few test cases in which the rapid oscillations of the field were explicitly taken into account and found that the pulse shape function g(t) determines the pulse time profile down to frequencies Х
Ϫ1 . In what follows, we investigate the effect of both the time extent ͑pulse duration͒ and magnitude ͑laser intensity͒ of ⌬(t) on the solutions of Eq. ͑2.4͒ in the high-frequency limit.
We take the pulse shape function to be a Gaussian,
), characterized by a full-width at halfmaximum, Х͑5/3͒, the ''pulse duration.'' Molecular alignment is characterized by the expectation value of the alignment cosine, ͗cos 2 ͘; this is evaluated from
for any given time using the wave functions found from Eq. ͑2.14͒. Only the ground state ͉J ϭ0,M ϭ0;⌬(t)͘ correlating with the field-free ͉Jϭ0,M ϭ0͘ state is considered. Figure 1͑a͒ shows the dependence of ͗cos 2 ͘ on time for ϭ0.05(ប/B) ͑corresponding to 265 fs for Bϭ1 cm Ϫ1 ) at three different interaction parameters ͑laser intensities͒, ⌬ ϭ100, 400, and 900. For none of the ⌬ does the alignment follow the pulse shape function ͑nonadiabatic behavior͒. The alignment becomes significant only when the laser pulse passes over and recurs after a time T that, for a given , decreases with increasing ⌬. In this regime, the laser pulse leaves the molecule in a superposition ͑wave packet͒ of field-free states whose phases are related to the pulse and thus to one another. Since the number of states that participate in the wave packet is finite, their phases will not average out at any given time but rather give rise to recurrences whose period T reflects the restoration of a given phase relationship. 15 The frequencies of the recurrences depend on the energy differences between the field-free eigenstates forming the wave packet at the end of the laser pulse. The number of eigenstates in the wave packet depends on the strength of the electric field. For stronger fields more states contribute to the wave packet and therefore the molecule realigns more often. Note that the time average of ͗cos 2 ͘ over the recurrence period in the field-free regime yields the field-free value ͑ϭ1/3͒. Figure 1͑c͒ exemplifies adiabatic behavior, fully in place for ϭ5(ប/B) and any of the values of ⌬. By the time the pulse is over, the initial wavefuncion, ͉Jϭ0,M ϭ0͘, is recovered. Thus, the molecule ends up in one of its eigenstates and a recurrence of a coherent superposition state is not possible during the subsequent field-free evolution. Hence in this case alignment of the molecular axis is attained during the ͑long͒ time when the field is on. For example, for ⌬ ϭ900 the alignment ͗cos 2 ͘Ͼ0.8 during 15(ប/B) which corresponds to 90 ps for a molecule with Bϭ1 cm Ϫ1 ; note that the angular amplitude of the molecular axis is Ϯ27°. For heavier molecules ͑smaller B) the adiabatic limit has to be reached with longer pulses. For example for I 2 (ប/B ϭ142 ps) adiabatic behavior can be obtained for pulses with Ϸ700 ps and high alignment maintained for more than 2 ns. Figure 1͑b͒ shows an intermediate case that occurs for a pulse with ϭ0.5(ប/B). The recurrences are present here as well, but the maximum value of ͗cos 2 ͘ is obtained at times closer to the center of the pulse. The figure also shows persistent small-amplitude oscillations in ͗cos 2 ͘ around the maximum, which increase with field strength. For ⌬ϭ400 the molecule happens to end up in a state which closely resembles the initial field-free state and, therefore, the recurrences become largely suppressed. Such a behavior is anomalous and reflects the accidental phase matching among the eigenstates at the end of the pulse. This intermediate behavior has not been described previously in the literature; it attests that detailed calculations are needed to foretell the nature of the final molecular state.
The number of the rotational eigenstates in the wave packet at the end of the pulse depends both on the interaction parameter ⌬ and on the duration of the pulse . This is illustrated in Fig. 2 which shows the expectation value of the squared angular momentum, ͗J 2 ͘, as a function of time for the same sets of ⌬ and as is Fig. 1 . The less adiabatic the behavior the higher the ͗J 2 ͘ value.
The above results confirm the strategies for obtaining aligned molecules previously suggested in the bibliography: ͑a͒ if the aim is to maintain alignment for a substantial period of time, long enough pulses to ensure adiabaticity are required; ͑b͒ in order to obtain alignment under field-free conditions, short pulses that break down adiabaticity are the only option; molecules in the recurring states will realign with a period that can be controlled by a suitable laser pulse. The pulse must be carefully tailored to avoid intermediate situations such as the one shown in Fig. 1͑b͒ where, for a particular laser intensity, the molecule ends up in a state which does not exhibit recurrences.
B. Alignment of a thermal ensemble of molecules
We consider an ensemble of molecules ͑either bulk or a molecular beam͒ that can be ascribed a rotational temperature T r before the arrival of the laser pulse. Assuming that the pulse duration is short compared with the rotational reequilibration time of the ensemble, each initial rotational state J is being redistributed into (2Jϩ1) states within the field with a statistical weight given by the Boltzmann factor. 4, 5 The ensemble average of the expectation value of the alignment cosine is then given by
͑3.2͒
where ⌼ϵkT r /B is the reduced rotational temperature and Q r is the rotational partition function, Q r ϭQ r (⌼).
Since the adiabatic limit has been treated before, see, e.g., Ref. 5, we restricted our calculations to the case of nonadiabatic behavior and chose the values ϭ0.05(ប/B) and ⌬ϭ400. 2 ͘, as a function of time ͑in reduced units͒, for laser pulses with Gaussian time profiles given by ͑a͒ ϭ0.05, ͑b͒ ϭ0.5, and ͑c͒ ϭ5. Solid lines correspond to pulses with ⌬ϭ100, dashed lines to pulses with ⌬ϭ400, and dotted lines to pulses with ⌬ϭ900. The time profiles of the pulses are shown as grey lines in arbitrary units on the ordinate axes.
initial populations of field-free rotational states up to J ϭ8). Although the alignment tends to average out faster for higher ⌼, a significant alignment can be maintained over many units of ប/B for a sufficiently cold ensemble.
IV. CONCLUSIONS
We carried out quantum-mechanical calculations to determine the time evolution of linear molecules that are subject to an intense nonresonant laser field. For laser intensities below the threshold for dissociation or ionization the Hamiltonian can be approximated by a well known effective one whose potential energy term is proportional to an induced dipole moment modulated by the oscillating laser field. At high enough frequency and at constant intensity of the laser field this effective Hamiltonian coincides with the pendular Hamiltonian whose eigenproperties have been explored and analyzed previously. 4, 5, 11 Two different limiting cases of time dependence were found: ͑a͒ for laser pulses long compared with ប/B, adiabatic behavior prevails at all field strengths considered ͑up to ⌬ϭ900͒ and the molecule is described, at any time, by a single eigenstate of the instantaneous molecule-field effective Hamiltonian. These states are the pendular hybrids of field-free rotor eigenstates described previously by Friedrich and Herschbach. 4 Our calculations show that these states can be effectively created in spite of the intense laser pulses needed. ͑b͒ For short pulses a breakdown of adiabatic behavior occurs as a consequence of which the molecule is described at any time by a superposition of hybrid states. As a result, at the end of the laser pulse the wave function maintains the character of a coherent rotational wave packet which can give rise, depending on laser intensity, to molecular alignment at a later time as discussed by Seideman. potential energy of the induced dipole in terms of the rotational constant of the molecule; ͑c͒ for intermediate pulses, the features of both limiting cases arise to a varying degree. For instance, as shown in Fig. 1͑b͒ , maximum alignment is obtained at the center of the pulse ͑as in the long-pulse limit͒ but the behavior is not fully adiabatic and the final state exhibits recurrences ͑as in the short-pulse limit͒. Figure 1͑b͒ also illustrates the effect of laser intensity: for a pulse corresponding to intermediate intensity the molecule returns to the initial state by the time the pulse is over. As a consequence no recurrences take place and further field-free realignment cannot be achieved. Future analysis of, say, an alignment experiment will thus require a careful consideration of the dependence of the alignment on the shape, intensity, and duration of the laser pulse. 
